Abstract: In the early 1990s, a set of new techniques for manipulating mouse DNA allowed researchers to 'knock out' specific genes and observe the effects of removing them on a live mouse. In animal behaviour genetics, questions about how to deploy these techniques to study the molecular basis of behaviour became quite controversial, with a number of key methodological issues dissecting the interdisciplinary research field along disciplinary lines. This paper examines debates that took place during the 1990s between a predominately North American group of molecular biologists and animal behaviourists around how to design, conduct, and interpret behavioural knockout experiments. Drawing from and extending Harry Collins's work on how research communities negotiate what counts as a 'well-done experiment,' I argue that the positions practitioners took on questions of experimental skill reflected not only the experimental traditions they were trained in but also their differing ontological and epistemological commitments. Different assumptions about the nature of gene action, eg., were tied to different positions in the knockout mouse debates on how to implement experimental controls. I conclude by showing that examining representations of skill in the context of a community's knowledge commitments sheds light on some of the contradictory ways in which contemporary animal behaviour geneticists talk about their own laboratory work as a highly skilled endeavour that also could be mechanised, as easy to perform and yet difficult to perform well.
was 'The Cell Surface', but the papers on memory had generated such excitement that the conference organisers created a separate session, unrelated to the cell surface, so that two papers could be presented back-to-back. 2 The researchers had used a suite of techniques for manipulating DNA to produce 'knockout' mice: by taking advantage of homologous recombination (where sections of genetic material with similar sequences are exchanged between two strands of DNA), researchers could 'knock out' specific genes in mice by replacing functional genes with non-functional copies in mouse stem cells and inserting the modified cells into a developing mouse embryo. Susumu Tonegawa's laboratory at the Massachusetts Institute of Technology (MIT) targeted a gene encoding calciumcalmodulin-dependent kinase II alpha (α-CaMKII), an enzyme that previous studies had implicated in memory formation.
3 Eric Kandel's group at Columbia University took a similar approach, studying mice lacking four different tyrosine kinase receptors that were highly expressed in the hippocampus, an area of the brain thought to be important in longterm memory formation. 4 Knockout experiments created an opening for claims about genes and behaviour with an unprecedented degree of specificity. While prior methods might have provided evidence for general claims about the molecular mechanisms of memory formation or the heritability of psychiatric disorders, researchers argued that knockout techniques would allow them to drive those claims all the way down to the level of the individual gene. Kandel's laboratory, eg., had previously experimented with drugs that inhibited tyrosine kinase activity to implicate these enzymes in memory formation but noted these drugs often only partially inhibited the action of the kinases under study and disrupted the activity of other kinases as well.
5 For Kandel's group, knockout techniques provided a way to distinguish between the activities of different kinases and make claims about individual enzymes. 6 Tonegawa and colleagues similarly remarked that studies comparing different inbred strains of mice had been able to generate correlations between brain levels of particular kinases and performance on learning and memory tasks, but that the differences identified through those experiments were 'clearly not the result of differences in a single gene'. 7 They argued that their experiments, in contrast, demonstrated the 'selective but drastic' impact that a single genetic change could have. 8 Other researchers shared their enthusiasm about the technique's potential for making convincing links between specific genes and complex behavioural deficits. A neuroscientist interviewed for a news article on the Cold Spring Harbor Laboratory papers commented that the most exciting part for him was that Tonegawa and Kandel's results demonstrated that it was indeed possible to 'analyse a phenomenon as complex as [long term potentiation] via this knockout approach'.
Experiments taking this form -where researchers created a targeted mutation and then tested the resulting mouse for differences in its behaviour -proliferated in the months and years after. These first papers were followed in a quick succession by more studies from the Tonegawa group and others, published in high-profile journals such as Nature, Science, and Cell. Several papers reported on the results of knocking out other kinases on the mouse's performance in learning and memory tests, 10 as well as tests for other behavioural traits such as aggression, anxiety, and activity levels.
11 Not everyone, however, was convinced that knockout experiments clinched the debate on the role of specific enzymes such as α-CaMKII in behavioural traits. Robert Morris, who developed the eponymous Morris water maze test for learning and memory that the 1992 papers employed, pointed out that there were a number of alternative explanations that could account for the results these papers reported, and warned that 'a little learning is a dangerous thing '. 12 Another letter to the editor published in Science from a psychologist at the University of California, San Diego similarly took issue with the strong claim that these experiments had linked a mutation to a learning deficit and pointed out other possible interpretations. 13 Throughout the 1990s, as more researchers began using knockouts in their laboratories, more commentaries appeared on the merits of knockout studies as a way to make claims about the molecular basis of behaviour, many of them questioning the value of this supposedly revolutionary technique. In one particularly strident letter to the editor in a 1995 issue of Nature, entitled 'Knockout mouse fault lines', another psychologist suggested that the entire field was being 'led into a technological cul-de-sac' by the increasing adoption of knockout techniques that were 'wholly inappropriate for resolving the issues for which [they were] intended'. 14 This paper takes advantage of this intersection of different knowledge communities around a shared set of new techniques to investigate the relationship between scientific practitioners' understandings of experimental skill and their ontological and epistemological commitments, drawing from and extending on Harry Collins's work on how research communities negotiate what counts as a 'well-done experiment'. 15 Through an examination of debates between molecular biologists and animal behaviour geneticists about how best to conduct and interpret knockout experiments, I aim to show that the 10 positions practitioners took on these issues reflected not only the different experimental traditions they were trained in but also their understandings of the nature of gene action and of how to generate knowledge about the relationship between genes and behaviour. In the first section of the paper, I outline some of the differences between molecular biologists' and animal behaviour geneticists' approaches to studying the genetics of behaviour and trace out some of the pathways through which practitioners from these fields converged on similar experimental systems. The second section of the paper examines the positions that molecular biologists and animal behaviour geneticists took throughout the 1990s on methodological questions about how to conduct knockout experiments and relate these positions to their experimental traditions and epistemological commitments. Molecular biologists' suggestions for standardising the way that knockout mice were constructed, eg., reflected an experimental tradition in which knowledge was produced by contrasting mutants with standardised, 'wild type' organisms as well as an investment in the idea that the mechanisms of complex phenomena could be unravelled by studying them one gene at a time.
The final third of the paper uses interviews and ethnographic material to explore the relationships between ontology, epistemology, and skill in greater detail. 16 Animal behaviour geneticists' retrospective accounts of the knockout debates, while not necessarily accurate in representing the positions of molecular biologists or the historical events as they unfolded, are nevertheless useful for examining the relationship between knowledge commitments and conceptions of skilful practice. Recalling the influx of new practitioners from molecular biology into the study of behaviour serves as a foil for animal behaviour geneticists to articulate what is centrally important to them in their laboratory practice. They emphasise, eg., their assumptions about the nature of gene action and the stability of behavioural tests, which, they argue, informed their stances on whether inconsistent results between laboratories were to be expected or whether they were evidence of badly conducted experiments. These different ontological and epistemological commitments, I argue, prevented researchers from being able to form a consensus on the meaning of knockout experiment data even as they came to agreement on some questions about experimental skill. The article concludes with an examination of ethnographic data on how researchers talk about skill in an animal behaviour genetics laboratory at 'Western University'.
17 I argue that examining these statements in the context of the community's ontological and epistemological commitments sheds light on some of the contradictory ways in which animal behaviour geneticists talk about their own laboratory work as a highly skilled endeavour that also could be mechanised, as easy to perform and yet difficult to perform well. 16 Interviews were conducted between 2006 and 2010, and the majority of these interviews were conducted under the condition that the material would be used anonymously. This anonymity, while potentially lessening the value of these interviews for historical inquiry, was a necessary precondition for being able to gather this information because of the fears that many practitioners held about the public representation of behaviour genetics and the potential for controversy. All of the excerpts used for this paper come from interviews with researchers in North America who identified as 'behaviourists'; that is, they had spent the majority of their careers working on questions about behaviour using either genetic or neurobiological approaches. 17 The ethnographic fieldwork that this paper draws on was conducted between 2006 and 2009 in animal behaviour genetics laboratories and scientific meetings, and in particular in laboratories in the department of neuroscience on the west coast of the United States that I refer to here as 'Western University'. This research was also conducted under the condition that it would be used anonymously, and the name 'Western University' is a pseudonym.
Knockout Experiments and Intersecting Knowledge Communities
Behavioural knockout studies generated some strange scientific bedfellows in their early days, since conducting these studies required researchers to assemble skill sets that were not typically found together in scientific knowledge communities in the early 1990s. Although most of the scientists involved in the first behavioural knockout studies could ostensibly be called 'geneticists', in practice their work drew on very different conceptual and technical histories.
Studying the Genetics of Behaviour
Constructing a mouse with a targeted gene deletion required a very specific set of skills in manipulating DNA at the molecular level and working with cell cultures -skills central to molecular biology at the time. Hans-Jörg Rheinberger argues that there have been two important 'shifts of assemblage' in the history of molecular biology. 18 He locates the first in the post-WWII period, with the characterisation of the structure of the double helix and the introduction of a series of biophysical techniques such as electron microscopy, X-ray structure analysis, and radioactive tracing, and the second in the 1970s, with a turn towards genetic engineering and the introduction of cellular 'tools' such as restriction enzymes, plasmids, and polymerases. Each of these shifts brought molecular biologists into contact with new knowledge communities -the first shift, eg., brought molecular biologists into conflict with neighbouring biological fields such as cell biology and biochemistry, 19 while the second brought them into close contact with the emerging biotechnology industry in the United States. 20 Although the central projects of molecular biology in both of these periods were focused on understanding the structure and function of genetic material, molecular biologists did take an interest in neuroscience and behaviour. Sydney Brenner, who collaborated with Francis Crick on studies of messenger RNA, famously declared in the 1960s that all of the classical problems of molecular biology had been solved and turned his attentions instead to the more exciting problem of the development of the nervous system. 21 Brenner's approach to studying these questions with the worm C. elegans, informed by his prior work in molecular biology, involved first establishing a map of each cell in the normal, 'wild type' worm and then comparing this standard organism to genetic mutants created through exposure to mutagenic chemicals. 22 In contrast to molecular biologists' use of manipulations at the level of the genetic material, research in animal behaviour genetics in the post-WWII period focused largely on experimental interventions at the level of whole organisms and their 18 environments. Selective breeding experiments, comparisons of inbred strains of mice, behavioural tests, and statistical analysis were the primary tools used to demonstrate the heritability of characteristics such as intelligence and temperament. 23 Researchers in human behaviour genetics were likewise interested in parsing the contributions of genetics and environment in forming behavioural traits but pursued these questions using methods such as comparisons of identical twins reared apart. 24 The methodological and conceptual history of animal behaviour genetics has important connections to the field of psychology, both because practitioners defined themselves against the then prevailing behaviourist theories 25 and because many of the behavioural tests were either developed by psychologists for work in comparative psychology or drew on psychological theories for their rationale. 26 These animal behavioural tests were particularly important for assembling knockout studies because they offered readily available 'theory-methods packages' for evaluating the differences between live, behaving, genetically engineered mice and their unaltered littermates. 27 Despite what might seem like obvious overlaps between the research agendas of behaviour genetics and other fields of genetics research, behaviour genetics remained relatively isolated from mainstream genetics in the 1970s and 1980s. Aaron Panofsky argues that this disconnect was the result of public controversies in the late 1960s around race and the heritability of intelligence, which made mainstream geneticists worry that working on behaviour would revive their field's association with eugenics. 28 Thus, while animal behaviour geneticists and some molecular biologists could both be said to be doing 'the genetics of behaviour' in the early 1990s, what practitioners from each of these fields meant by 'genetics' would have likely been quite different. One senior mouse geneticist recalled clashes between her understanding of 'genetics' and those of molecular biologists she taught in training courses at the Jackson Laboratory: Hall as a test of 'emotionality' in rodents. Another common test for anxiety, the light/dark emergence task, was developed in the early 1980s by a behavioural neuroscientist but draws strongly on the social psychologist Kurt Lewin's theory of approach -avoidance conflicts. For more on how the validity of these tests as models for human anxiety is constructed and maintained, see Nicole C. Nelson, 'Modeling Mouse, Human, and Discipline: Epistemic Scaffolds in Animal Behavior Genetics', Social Studies of Science, 43, 1 (2013), 3-29. 27 Joan Fujimura, 'Crafting Science: Standardized Packages, Boundary Objects, and "Translation"', in A. Pickering (ed.), Science as Culture and Practice (Chicago: University of Chicago Press, 1992), 168-211. 28 Panofsky, op. cit. (note 24). 29 The Jackson Laboratory is a non-profit organisation that conducts genetic research using mouse models and provides scientific services to the mouse community (such as providing a centralised repository for mouse strains). In a lot of schools during the 80s and 90s there were molecular genetics programs, and that's what they thought geneticists were. And all they knew how to do was run PCR assays and sequence DNA and you know [laughter] . And so actually a big thing that we do at the lab is to help scientists entering mouse genetics from those angles to learn how to handle mice, learn how to work with them, learn things about genetic backgrounds, and so on. 30 Rheinberger has argued that the fuzzy and ill-defined nature of the gene concept is one of the reasons that it has been so productive in so many different experimental systems and research programs. 31 And as this researcher's comments demonstrate, the differences in the nature of these experimental systems and research programs in the late 1980s and early 1990s could be quite pronounced: while one geneticist's research practice might have relied heavily on breeding and handling animals, another geneticist might have built a successful career having examined hundreds of gels but never touching a live, behaving mouse.
Molecular Biology Meets Animal Behaviour Genetics
Given the very different material and conceptual histories of molecular biology and animal behaviour genetics, how did practitioners from these fields converge on similar experiments in the early 1990s? Historical examinations of the molecularisation of the life sciences, such as Angela Creager's work on the tobacco mosaic virus and Soraya de Chadarevian's work on the Laboratory of Molecular Biology at Cambridge, have focused on the importance of in vitro techniques and simple model organisms such as viruses and worms, but have not explored the circumstances that led molecular biologists to turn towards higher organisms such as the mouse. 32 Histories of animal behaviour genetics, such as Diane Paul's work on the dog-breeding program at the Jackson Laboratory, locate this line of research within pre-WWII research programs on eugenics but do not explore its contacts with contemporaneous scientific fields. 33 Given the centrality of molecular techniques, mice as model organisms, and neuroscientific questions in contemporary biology, the convergence of these fields is worth exploring in much greater detail. 34 Here I offer a brief sketch of how some of these intersections emerged in the specific case of knockout experiments.
Some behavioural knockout projects came about because researchers with existing research programs on behaviour and neuroscience saw potential in the new genetic engineering techniques. Kandel, eg., had devoted his career to studying the molecular basis of memory storage using the sea slug Aplysia as a model system, work for which he received the Nobel Prize in Physiology or Medicine in 2000. He recalls in his autobiography that he was intrigued by knockout techniques because he thought they would make it feasible to study memory in higher organisms in the same molecular detail as he had previously in lower organisms. 35 Kandel hired Seth Grant as a postdoc in his laboratory in 1989: an MD who had previously held a postdoctoral fellowship at Cold Spring Harbor Laboratory and whose familiarity with mouse genetics Kandel recalls as key to undertaking this new line of research with transgenic mice. 36 He also formed collaborations to obtain knockout mouse stocks from other researchers for his experiments, such as Philippe Soriano at Baylor University and Stephen Goff at Columbia University. 37 Other instances represented efforts by molecular biologists to move into new areas of study. In 1987, Susumu Tonegawa had also won the Nobel Prize in Physiology or Medicine, but for his work on the genetics of antibody diversity rather than on neuroscience. Kandel recalls that Tonegawa was looking for new scientific challenges after these accomplishments, and the two met in 1987 to discuss Tonegawa's emerging interest in studying consciousness. 38 Around the same time, Alcino Silva, who became the first author on the Tonegawa lab's 1992 paper, recalls that another graduate student told him of Tonegawa's interest in the brain, which prompted Silva to email Tonegawa about the possibility of doing a project in his laboratory on memory. 39 Tonegawa had prior experience in using knockout techniques for studying the immune system and had collaborated on a paper about the molecular basis of nerve cell differentiation 40 but was still quite new to neuroscience when his group published their knockout studies in 1992. The lab's early success in applying knockout techniques to the study of learning and memory, however, secured Tonegawa's position in this new field. The MIT news office highlighted his research as one of the major breakthroughs of the year in their 'Reports to the President' in 1993, and a year later he was named the inaugural head for the newly established Center for Learning and Memory at MIT. 41 The polysemy of the genes themselves also resulted in unlikely collaborations being formed. Researchers who created knockout mice found themselves drawn into new areas of research because of the unexpected results of creating such mutations, or fielding requests for collaborations from researchers in distantly related fields who were interested in the same gene but for different reasons. One of the first knockout experiments, eg., targeted a gene thought to be important in cancer, but the researchers discovered that knocking out this gene also resulted in severe brain defects. 42 The knockout mouse lines developed by Philippe Soriano and Stephen Goff similarly targeted suspected oncogenes but were useful for Kandel's experiments because these kinases were some of the same 36 Ibid., 289. 37 Two of the four knockout mouse lines used in Kandel's 1992 paper were developed in Soriano's laboratory, which Soriano likely provided to Kandel in exchange for co-authorship on the paper. For more on exchange practices within the mouse community, see Fiona Murray, ' ones under study in his group's learning and memory work. 43 Molecular biologists who had generated knockouts also took it upon themselves to find out if their mutant mice might have interesting properties other than the ones they anticipated. Jacqueline Crawley, an expert on rodent behavioural analysis, recalls that in the early days of knockout experiments she received many calls from researchers who had little prior experience in behaviour or neuroscience but became interested in it after producing mice with mutations in genes expressed in the brain. In an article authored with Richard Paylor, one of the behaviour geneticists who collaborated with the Tonegawa laboratory on testing their α-CaMKII knockouts, they estimated that by 1997 they had tested over a dozen different transgenics and knockouts created by other research groups, 44 and Crawley estimates that her laboratory alone had as many as forty such collaborations by the mid-2000s. 45 As might be expected, such collaborations between researchers with very different disciplinary backgrounds were not always easy. To some behaviour geneticists and behavioural neuroscientists, knockout studies seemed to be yet another in a long line of colonising moves made by molecular biologists. As Pnina Abir-Am has shown in her analysis of molecular biology's relations with neighbouring disciplines in the 1960s, molecular biology was perceived as a threat by organismal biologists and biochemists because it was 'redefining, and hence appropriating, many concepts, both central and peripheral, around which the "classical" disciplinary monopolies were constituted'. 46 The same could be said of the field of behaviour genetics in the 1990s, where molecular biologists appeared to be redefining what it meant to do 'the genetics of behaviour' in terms that worked to their advantage. 47 The research agenda that molecular biologists proposed resonated with the dominance of genetics in medical thought and practice and the cultural cachet of the gene in the 1990s, 48 and their proposals attracted substantial amounts of funding. Steven Hyman, director of the National Institute of Mental Health 1996-2001, recalls that funding for genetic studies in animal models 'markedly increased' during his tenure, but he notes that most of this investment went into knockout mouse models and large-scale mouse mutagenesis projects. 49 Asymmetries in the resources available to molecular biologists were further compounded by what some saw as unsportsmanlike behaviour from these new entrants to the behavioural field. Tonegawa was accused of being particularly unwilling to exchange mouse strains, even though this was considered common practice in the mouse community and his laboratory was large and well funded. 50 To established animal behaviour researchers who had limited experience in molecular techniques or limited resources to develop new research programs, it seemed that their options for responding to the molecular turn were equally unappealing: either collaborate or be conquered. In their article on behavioural testing of transgenic mice, Crawley and Paylor acknowledged the reluctance of many of their colleagues to accept entreaties to collaboration from molecular biologists, humorously suggesting that behaviourists' first reaction to such calls might be best captured by the words of poet Ogden Nash: 'If called by a panther/Don't anther.' 51 Crawley and Paylor encouraged their colleagues to resist this first impulse, calling the difficulties of cross-disciplinary collaboration 'trivial' in comparison to the potential knowledge gained and stressing the opportunities that such collaborations opened up for behavioural neuroscientists to enter this 'fascinating, rapidly expanding field'. 52 At the same time, however, they had a very specific vision of how behavioural experiments with knockout mice should be conducted. Crawley and Paylor outlined a lengthy sequence of experiments that they believed were necessary to fully evaluate the characteristics of a new knockout, and Crawley went on to publish an entire textbook on behavioural testing of transgenic mice aimed at newcomers to the field. 53 The aspects of behavioural experimentation emphasised by Crawley and her colleagues -proper controls, handling techniques, and breeding schemes -were the types of details that became contentious in debates about how to conduct and interpret knockout experiments throughout the 1990s. While researchers from many different experimental backgrounds agreed in principle that knockouts offered an exciting opportunity for generating new knowledge about behaviour, they differed on how exactly to do such experiments and how do them well. These interdisciplinary negotiations over what exactly it meant to conduct a 'well-done' knockout experiment are the focus of the next section.
A Well-done Knockout Experiment
In his seminal work on replication, Harry Collins argues that notions of experimental skill and experimental phenomena are co-constituted in the practice of scientific research, especially at the evolving frontiers of science. 54 In contrast to experiments dealing with established phenomena where the expected results are well known and it is possible to judge a practitioner's competency or experimental design based on the results she produces, when investigating new phenomena, it is impossible to assess whether the experiment has been executed well based on the results alone, since the outcome is unknown. Conducting further experiments only adds to the uncertainty, as the underlying problem of how to assess the validity of the experimental data remains unresolved. Collins terms this quandary 'the experimenter's regress' and argues that scientists overcome this problem of establishing a basis for judging novel experimental 50 Jon Cohen, 'Share and Share Alike Isn't Always the Rule in Science', Science, 268, 5218 (1995), 1715-8. 51 Crawley and Paylor, op. cit. (note 44), 205. 52 Ibid., 206, 197 . 53 The textbook contains an introductory note welcoming molecular geneticists to the world of behavioural neuroscience while at the same time warning them that behavioural testing is too complex to be undertaken without an experienced collaborator. See Jacqueline N. Crawley Interpretations of new experimental phenomena are thus formed alongside estimations of experimental skill.
The Genetic Background Effect
As Collins has shown, negotiations over the interpretation of novel experimental results can be a protracted process, even amongst a relatively small set of highly specialised practitioners. In the case of behavioural knockout experiments, the substantial disciplinary differences between the practitioners involved amplified divergent opinions on how to conduct and interpret these experiments. One of the most widely discussed issues with knockout experiments was a problem that came to be known as the genetic 'background effect'. When knockout techniques were first developed, the embryonic stem cells that were used for producing the targeted molecular alterations came from a strain of mice known as the 129, since their cells were particularly amenable to being raised in culture. Ironically, while the cells were easy to work with, adult 129 mice were not; they were susceptible to disease and difficult to breed in a laboratory setting. To circumvent these difficulties, researchers often mated their mutant 129 mice with more robust mice (such as the widely used C57) to create a more stable knockout mouse line. The process of 'transferring' the knockout mutation into a new mouse strain through crossbreeding, however, resulted in chimeric mice who had a mixture of genetic material from both strains. The question at issue in the research community was whether this variation in the genetic 'background' of the mouse mattered or had any impact on interpreting the results of the specific genetic alteration.
Evidence of the importance of the strain used to create knockouts was present even from the first studies -the Kandel laboratory's 1992 paper noted in a footnote that the spatial learning deficits they observed varied depending on the genetic background of the mice -but attention to the issue was amplified through a series of opinion pieces on the issue. In a highly cited debate article in Trends in the Neurosciences, Genentech researcher Robert Gerlai summarised the problem as one of 'the confounding effects of background genes'. 56 He reviewed fourteen behavioural knockout studies and found that the majority of these studies used mice that were hybrids of two different strains, and in a few cases the published study did not even report on whether they had crossbred their mice. Particularly disconcerting to him was the fact that the 129 mice, the source of the stem cells used to make nearly all of the knockouts he reviewed, had pronounced behavioural anomalies, such as severe deficits in learning and memory. He pointed out that, in several knockout studies, such as the Tonegawa lab's papers, the deficits in learning and memory that were attributed to knocking out a particular gene bore a striking resemblance to the deficits seen in unaltered 129 mice. 'It is therefore possible', he argued, 'that the differences observed between mutant and control mice were, in fact, due to the genetic differences (in the linked background genes) between the inbred strains used in the generation of the null-mutant animals and not to the null mutation.' The influence of practitioners' disciplinary backgrounds on their opinions on how to construct appropriate genetic backgrounds is evident in two reports published in 1997 offering recommendations on the issue. The first emerged from a series of roundtable discussions that took place at a Banbury conference on genetic approaches to learning and memory, held at the Cold Spring Harbor Laboratory in December 1996 and attended largely by molecular biologists and neuroscientists. 58 The report, authored by Silva and colleagues, presented recommendations aimed at standardisation and facilitating replication between laboratories. 59 They suggested that all publications should include a detailed description of the genetic background of the mice, that readily available mouse strains should be used so that others could replicate knockout experiments, and that the use of a common genetic background across experiments would be desirable. 60 The second paper emerged from a workshop on behavioural phenotypes of inbred strains of mice, hosted by behaviourists Crawley and Paylor at the National Institutes of Health (NIH) campus. 61 In contrast to the Banbury conference report's emphasis on standardisation, Crawley and colleagues argued that there was 'no one best strain that [could] be recommended' for all knockout experiments and that the specific hypothesis being tested would determine the most appropriate strain to use. 62 If the gene under study was suspected to impair learning, for example, then a strain with strong learning skills would be the best mouse to use for a knockout study because it would increase the experimenters' chances of seeing a behavioural change. Their report went on to list in extensive detail the behavioural characteristics of many commonly used mouse strains so that future researchers could make such informed choices.
These contrasting ideas on the appropriate approach to addressing the background effect reveal several differences between behaviourists' and molecular biologists' ideas about what constitutes a well-done knockout experiment. First, it reveals differing opinions on whether the problem merited an immediate change in methodology or a wait-and-see approach. While the NIH report took it as a given that changes in experimental practice were needed, the Banbury report's recommendations for facilitating future replications suggested a less pressing need for reform. Opinion articles on the background effect indicate that there was, at least initially, a good deal of debate about how real the genetic background effect even was. In a commentary on a 1995 study that systematically demonstrated the impact of genetic background on the results of knocking out the epidermal growth factor (EGF) gene, behavioural researcher Wim Crusio commented that 'this result apparently surprised many, which in itself is quite amazing and telling because [the experiment] should not have been necessary.' 63 These discussions were intensified by the fact that the available techniques for controlling the genetic background were expensive and time consuming. Gerlai pointed out that the methods proposed for avoiding background effect confounds could potentially at least double the effort required to carry out a gene-targeting study. 64 Researchers who doubted the existence of the background effect were thus reluctant to adopt these controls simply as a precautionary measure.
Secondly, the contrasting consensus reports suggest that there were differing opinions on whether the background effect was a burden or an opportunity -differences which reflected the experimental traditions of each field. The emphasis on standardisation in the Banbury report aligns closely with approaches in molecular biology that relied on comparisons between 'wild type' and mutant organisms. As Rachel Ankeny has shown, constructing a 'standard' organism to serve as the basis for future comparisons was a critical part of Sydney Brenner's early work with C. elegans on the nervous system, 65 and molecular biologists' desire to arrive at a consensus on a single mouse strain for constructing knockouts reflects a similar logic of creating a standard object to serve as a reference point for targeted mutations. Behaviourists reacted differently to the idea of results that varied along with the genetic background. Crusio noted that while 'many researchers will probably consider such interactive effects a nuisance' and would choose solutions circumventing these issues, he thought that 'for a number of reasons, this would be a pity'. 66 The longstanding interest in individual differences and comparisons between strains in animal behaviour genetics made the background effect seem not only expected, but potentially as a profitable area for studying questions about genetic redundancy or interactions between genes. Crusio argued that studying the effects of knocking out genes on several different backgrounds would also offer a more realistic representation of how genes functioned in nature, where individuals with different genotypes might react to a mutation or treatment differently. 67 
Conflicting Experimental Reports
Similar disciplinary divides can be seen in discussions about other interpretational issues in knockout experiments, such as how to assess conflicting experimental reports. With an increasing number of knockout mice being constructed in the mid-1990s, in more than one instance different research groups found themselves developing and testing mice with similar targeted mutations in similar tests and often producing different results. In one case, two independent research groups (one of which was Tonegawa's) created knockouts of the dopamine D1 receptor, and while one group found that the mutation produced an increase in the locomotor activity of the mice, the other group found no such behavioural difference. 68 In another instance, a research group at Columbia University reported two different behavioural profiles for their serotonin 1B receptor knockout mice: in early studies they found that mice lacking the receptor showed no difference in the open field test (a test of anxiety), but in later work they found that these same knockouts showed more anxiety behaviour in this same test.
Behaviourists pointed out that such differences might be due to the background effect or other genetic differences between the animals but could also be due to differences in the way that practitioners conducted their experiments. 70 In one controversial and highly cited study published in Science in 1999, three behavioural research laboratories attempted to make the importance of even minute procedural differences visible by conducting the same set of mouse behavioural experiments simultaneously in their laboratories, attempting to control for as many variables in the testing equipment, protocols, and environment as they could. 71 They found that despite this close attention to standardisation, in several cases there were statistically significant (and in a few cases large) differences between the test results from each laboratory, which they attributed to as-yet-unidentified sources of variation in the laboratory environment. They concluded by urging caution in interpreting the results of knockout studies: 'For behaviors with smaller genetic effects (such as those likely to characterize most effects of a gene knockout)', they wrote, 'there can be important influences of environmental conditions specific to each laboratory, and specific behavioral effects should not be uncritically attributed to genetic manipulations such as targeted gene deletions.' 72 In interpreting conflicting results of knockout experiments, molecular biologists once again tended to focus on standardisation as the solution to experimental problems, assuming that a properly standardised experiment would produce a consistent experimental outcome. In cases such as the comparison study in Science, where standardisation did not seem to resolve the issue, they assumed there must be a problem either with the tests themselves or with the practitioners executing them. Behaviourists, in contrast, saw these supposedly conflicting findings as a degree of variability that was expected and even acceptable given the interactive nature of behaviour and the complexity of the experimental setups used to study it. Such methodological problems, they argued, had long been known in the field and were simply part of the price of admission to studying behavioural phenomena. In a follow-up article to the 1999 Science study, the authors noted that reactions to the study 'covered the spectrum of opinion from an indignant sigh that we all knew this already to hysterical outbursts that our findings invalidate the entire field of behavioural genetics'. 73 Moreover, they noted that these reactions tended to follow disciplinary lines, with researchers outside of the field of mouse behaviour genetics adopting the pessimistic view that behavioural tests were simply unreliable tools. 74 At the same time, some behaviourists began to argue that it was knockout techniques that were inherently flawed, and that removing entire gene products from a complex, interactive biological system generated more knowledge production problems than it solved. In a follow-up to his original debate article on the background effect, Gerlai noted that while several practical solutions had been put forward to assess the contribution of background genes versus targeted mutations, other, less tractable problems with the knockout approach remained. 75 His major concern was that even well-designed experiments still raised questions about changes induced by the targeted deletion at the system level. The problem, as he saw it, turned on the fact that the knockout method took the individual gene as the primary unit of biological organisation, rather than systems of genes working in concert. 76 Knocking out a gene could result in a number of compensations from other biological systems, which would present serious interpretational issues -making a mutation that impacted a mouse's sense of smell, eg., might result in a mouse with more acute vision, even though the gene targeted had nothing to do with the visual system. In another opinion article, a behavioural neuroscientist argued that the knockout approach was fundamentally flawed because it was not representative of how the molecular mechanisms of behaviour functioned in nature, where behavioural differences were produced by natural genetic variation rather than deletions of whole genes. 77 Rather than making drastic modifications that bore little resemblance to naturally occurring populations, he argued that researchers would be better off studying milder mutations in the interest of pursuing a 'kinder, gentler genetic analysis of behavior'. 78 These commentaries questioning the basic value of knockout techniques and behavioural tests as experimental tools suggest that at stake were not just questions of methodology but also epistemological questions about how best to generate knowledge about the relationship between genes and behaviour. Not only did behaviourists and molecular biologists disagree on issues such as whether the best experimental design involved using a standard mouse strain or choosing a strain based on its specific behavioural features, they disagreed more fundamentally on whether knocking out genes was an appropriate means for investigating the relationship between genes and behaviour at all. Recognising both the methodological and epistemological dimensions of these discussions is important because resolutions to disagreements of one kind did not necessarily bring about closure on other disagreements. Researchers might have agreed on appropriate breeding schemes for controlling the background effect while still disagreeing on the value of the data produced through such a well-done experiment -what for one researcher was an elegant technique for precisely demonstrating the importance of a particular enzyme remained for another a fairly crude method for probing a complex network of genes. It is this relationship between skilfully designed experiments and practitioners' knowledge commitments that I take up in the next section.
Articulating Ontologies, Epistemologies, and Skill in Animal Behaviour Genetics
So far, I have laid out some of the differences in the conceptual and experimental histories of molecular biology and animal behaviour genetics, and shown how these experimental traditions informed the positions that practitioners took when the two fields began to intersect in the early 1990s and disagreements arose around behavioural knockout experiments. In this section, I will switch gears and draw from a very different set of source material to further the discussion of skill in animal behaviour genetics -interviews with senior animal behaviour geneticists in which they reflected on their participation in the knockout debates, and ethnographic observations from contemporary animal behaviour genetics laboratories. These retrospective accounts should not be taken as faithful historical narratives of the events that transpired in the 1990s, but they offer nonetheless a productive site for further developing the relationship visible in published opinion and debate pieces between practitioners' epistemologies and their views on how to design, conduct, and interpret knockout experiments. Indeed, the ways in which actors exaggerate some events and de-emphasise others in their retrospective retellings can be useful analytical tools for discerning the perspectives and commitments of different actors.
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The Nature of Gene Action and of Behavioural Tests
In developing the concept of the experimenter's regress, Collins draws on a case study of a controversy that took place in the 1970s around the detection of gravitational radiation.
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Einstein's theory of general relativity predicted the existence of such gravitational waves, but finding evidence of these waves presented a difficult experimental challenge because of the extraordinarily small signal that they were expected to produce in a detector and the large amounts of signal noise from other sources. The controversy that Collins follows turned on a straightforward question -did the experiments under examination detect gravity waves or not? -and, as he shows, a conclusion to the controversy remained out of reach so long as there was no 'universally agreed criterion of experiment quality' available. 81 Collins thus characterises the problem confronted by the experimenters and its solution as one of breaking the loop between interpretations of experimental data and evaluations of experimental skill.
The crux of the controversy in Collins's case can be reduced to a single, binary question because it took place within a 'core set' of specialists who shared similar assumptions.
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Those involved in the debate agreed on the theoretical possibility of gravity waves and how they could be expected to behave, and agreed that constructing a device that vibrated at the predicted frequency of the waves would be a good way of detecting them. What remained at issue were relatively narrowly defined questions about experimental skill, such as whether the signal-to-noise ratio suggested high quality data or the computer programs used to analyse the data contained errors. In the controversy about knockout experiments, the heterogeneous nature of the experimental community meant that much less could be taken for granted. Those involved in the debates disagreed about how genes produced behavioural effects and how best to detect those relationships, as well as about more detailed methodological questions. The lack of consensus on these fundamental ontological and epistemological issues, I argue, means that a consensus on the meaning of knockout mouse experiments could not wholly be resolved through negotiations around experimental skill.
One of the key disagreements between behaviourists and molecular biologists concerned an ontological question about the nature of genes and how they functioned in producing diseases or behavioural traits. In recalling discussions about knockout experiments, behaviourists frequently emphasised this difference between themselves and the molecular biologists. They thought that the 'gene jocks' who were new to the study of behaviour brought with them an overly simplistic set of assumptions about the molecular basis of behaviour. One senior American behaviour geneticist commented on this difference:
The perspective from the point of view of molecular biology is sort of 'one gene at a time', and you're not faced at the outset with the issue of control of particular phenotypes by multiple genes, multiple sets of genes. And so that aligns itself with the medical model that historically had tried to find a gene for a disorder, right? That contrasted very much with the field of behaviour genetics as it developed, which was immediately acutely tuned in to this complex control system likelihood. Anything that we were likely to study, if it had a genetic component, would likely be controlled by multiple genes, perhaps interacting, perhaps not, who knows? 83 This researcher portrayed behaviour genetics and molecular biology at two opposite ends of a spectrum of understanding about gene effects: On the one end, he aligned molecular biology with the search for discrete characters that could be linked to single genes, such as white-eyed mutations in flies or inborn errors of metabolism resulting from a single mutated protein. On the other end, he placed behaviour genetics and other fields such as agricultural genetics that dealt with continuously varying traits such as degree of intelligence or crop yield that were assumed to be the aggregate product of many different gene effects. The problem with the initial set of knockout experiments, he argued, was that the molecular biologists who executed them were interpreting the data based on a 'medical model' paradigm where an individual gene could be assigned a discrete function, while animal behaviour geneticists such as himself saw these experiments as perturbations of a multigenic system.
A senior behaviour geneticist in Canada made a similar argument about the different assumptions made by researchers from different backgrounds and pointed out that these assumptions had specific methodological consequences. He argued, eg., that the molecular biologists' original position that the background effect was a non-issue was reasonable if they were operating under the assumption that the effect of knocking out a gene would be pronounced. He explained:
For [molecular biologists], a lot of these questions were less problematic. For example, if you knock out a gene that influences, let's say, limb development and you end up with a mouse that doesn't have any legs, okay? That's such a major developmental alternation that these background genes and modifying effects or compensatory changes or the so-called flanking allele problem is basically irrelevant. It's such a robust mutation that it doesn't really matter. But for us, behavioural neuroscience and behavioural geneticists, we cannot think like that. . . We have to be a bit more worried about these seemingly minuscule, negligible genetic effects. For us, these effects are real and they're not negligible. 84 He argues that doing behaviour genetics warrants a different set of assumptions about how genes act in producing the phenomena in question and, consequently, a different set of practices to investigate and control for small genetic effects.
Other differences that animal behaviour geneticists emphasised were the assumptions they made about the complex nature of behaviour and how to measure it. Behaviour, as they saw it, was the product of multiple inputs and interactions between those inputs, and therefore challenging to measure. Even when operating in a controlled laboratory setting and even when dealing with routine tests, behavioural researchers stressed that some degree of variability in the data was to be expected. One graduate student at Western University explained the emergence of unexpected baseline results in a common behavioural test to me in the following way:
The more complex behaviour is, the harder it is to get it to work. And so for whatever unknown reason, things don't always turn out as you expect them to . . . And so there are just difficulties with that, to get it set up and running. It's not so much a technical problem, it's just something that since it's so complicated, you can't figure out what's going on that you're not controlling for. 85 Even though the behaviour of unaltered mice in this particular test had already been extensively characterised, the student still allowed for the possibility that unexpected results could happen. This was especially true, he argued, because the test depended on multiple interlocking behaviours and capacities, such as learning, memory, and spatial orientation. He therefore saw variability in the results not as a 'technical problem' with a malfunctioning experimental setup or his own lack of skill as a researcher but as an outcome of working with a complex system where not all of the relevant variables to be controlled for were known.
Once again, researchers pointed to ways in which these assumptions had important methodological consequences. A senior American researcher argued that researchers' interpretations of conflicting results from knockout experiments depended on how they viewed the nature of behaviour and behavioural tests. He explains:
Unreliability in the biochemists' world relates to repeatability of an assay and so on, and that just means that you probably weren't good enough with your pipetting. Or your weighing out of your reagent crystal, you weren't paying enough attention. And so unreliability there is inherently associated with doing poor methodology, whereas in psychology, unreliability comes not necessarily from that kind of thing but also heavily from inherent differences in measurements of things at one time and another. Brains change, right? It's not the same thing when I test this mouse and this mouse. This mouse is different! Even if they're genetically identical, they're different! This mouse may have come from a cage where it grew up with two siblings, and this one with four siblings, and there's a disinterest in that nuanced level of complexity that psychologists would naturally be interested in. 86 He argues that while molecular biologists saw conflicting experimental results as evidence of 'bad bench work', behaviourists attributed these differences to the nature of behaviour and the tests used to measure it, and didn't necessarily view consistency as a marker of experimental skill. Another animal behaviour geneticist at Western concurred. To molecular biologists, he argued, '[behavioural tests were] assays, no different than a Lowry protein assay. Except that it kind of is! If you do it this way, you get one answer, if you do it a little differently, you're going to get a different answer'.
87 Using Hans-Jörg Rheinberger's terminology, it could be said that animal behaviour geneticists tended to regard behaviours and behavioural tests as 'epistemic things' whose responses to experimental manipulation had not yet been fully characterised. Unravelling the many genetic and environmental inputs into behaviour and establishing the controls needed to measure it consistently, then, appeared as intellectually rewarding tasks. 88 They portrayed molecular biologists, in contrast, as treating behavioural tests as 'technical things' that would produce stable and consistent findings and were not interesting in and of themselves. In one view, behaviours were fixed quantities to be measured; in the other, they were loosely defined characters that had not yet been fully explored.
In emphasising the differences between themselves and molecular biologists, animal behaviour geneticists articulate some of the ways in which their understandings of skilled practice were dependent on particular knowledge commitments. If behaviour was seen as a complex phenomenon that was still not fully understood in the experimental setting, then a skilled practitioner was one that could manage these uncertainties and distinguish 85 promising results from the experimental background noise. In contrast, if behaviour was viewed as the product of a few genes with large effects and behavioural experiments as stabilised tools, then a skilled practitioner was one who could employ these techniques to produce repeatable gene-behaviour correlations. Skill, in one view, is epitomised by accuracy of technique that generates consistent results, while in the other, skill is evidenced by the degree to which the practitioner pays attention to 'nuanced levels of complexity' in designing experiments and interpreting their outcomes. It is little wonder, then, that practitioners often seemed to be talking past each other in the knockout mouse debates, preventing closure from forming around the specific claims about genes and behaviour that experimenters put forward.
Interpreting Contradictory Portrayals of Skill
Understanding animal behaviour geneticists' knowledge commitments also helps to make sense of some of the seemingly paradoxical ways in which contemporary animal behaviour geneticists talk about the place of skill in their experimental work. Given the emphasis I have outlined above on a practitioner's ability to discern and control for multiple inputs into a complex, interactive system, I was surprised to find that many animal behaviour geneticists expressed a desire to mechanise aspects of their laboratory practice or talked about themselves as machines executing protocols. Sharon, a senior researcher at Western, described to me in great detail how she tried to act like a machine when she performed behavioural experiments. In one experiment where she had to test nearly a hundred mice over the course of a day, she found that her arm was getting tired when she lifted the mice off the table and began to worry that the last mice she tested were not getting the same testing experience as the first. In the next experiment, she took care to lift the mice a shorter distance at the beginning so she could maintain the same movement throughout the day. These two representations of skill are at odds with the way that skill has been discussed in the social science literature, where the mere mechanical reproduction of an action has been contrasted with the contextual understanding of the significance of those actions. 89 At first glance, then, animal behaviour geneticists' descriptions of the degree of skill required to do behavioural work with mice seem contradictory, in that they describe it as highly skilled work that could nonetheless be performed at least as well (or perhaps even better) by machines. This apparent paradox becomes more intelligible when practitioners' ontological and epistemological commitments are taken into account. In a community where the assumption is that the genetic effects being sought are small and easily lost amongst the noise of variation in other genes or the laboratory environment, eliminating some of these variables through mechanisation can be seen as a tactic for increasing the quality of experimental data rather than de-skilling this work. When I asked a graduate student which experimental task he would most like to mechanise, he replied:
The desire to automate animal handling, which animal behaviour geneticists regard as a centrally important component of their experimental practice, stems not from an assumption that the skill required for performing these tasks is minimal, but because the skill required for a human practitioner to behave in a highly consistent manner is so great. It is worth noting that molecular biologists have made similar arguments about the capacity of mechanisation to increase the quality of experimental data, but with reference to a very different suite of variables more salient to their epistemic culture. Rather than expressing concern about the demeanour, body odour, or handling skills of a human practitioner, molecular biologists have called upon mechanisation to solve problems with imprecise measurements, mixing up reagents, or mislabelling of samples. 91 Likewise, researchers at Western described the skill required to take up mouse behavioural testing in a paradoxical manner. While running mouse after mouse through a maze and spending hours scoring videotapes of the mice's movements, researchers would complain that 'a trained monkey could do [their] jobs' and that the laboratory might be better off investing in a computer that could do the scoring automatically. At the same time, they would complain about how difficult it was to train new technicians or graduate students in those same techniques and recount the troubles that they themselves had when trying to get experiments working. When discussing the touchy subject of nonbehaviourists taking up behavioural testing, they complained both that those not trained in the field had the mistaken impression that behaviour is 'finicky' or a 'shaky thing that is difficult to measure' and also that they didn't 'take behaviour seriously' and acted as though 'any trained idiot' could perform behavioural tests.
These contradictory positions on how much skill is required to take up behavioural testing are again more intelligible when considered in relation to practitioners' assumptions about the nature of behaviour and behavioural tests. Behaviourists' continued attention to procedural details in running behavioural experiments is motivated by an assumption that the behaviours being tested are not stable objects, and that changing the experimental parameters could in essence change the behaviour. Behavioural tests may be easy to perform in the sense that -barring a mouse that jumps out of the maze -the test will always generate some kind of data about the animal's behaviour. But behaviourists see them as difficult to perform in a way that will allow them to distinguish the subtle influence of the genetic signal they seek from the procedural and environmental noise. For outside practitioners who want to employ mouse tests as standardised tools that can be incorporated into their experimental systems, behaviourists' level of attention to procedural details might seem to be either an overabundance of caution rather than an exercise of experimental skill or, conversely, an indication that the test is simply too complicated or unreliable to be adopted for routine use.
Conclusion
When knockout techniques were first developed in the late 1980s and early 1990s, researchers from many disciplinary backgrounds were excited by the new opportunities for experimental intervention that these techniques offered. In the study of behaviour, researchers trained in very different traditions -molecular biology and animal behaviour -quickly converged on very similar experimental approaches, using existing behavioural tests in combination with knockout animals to make new types of claims about the molecular basis of behaviour. The ensuing debates about how to do behavioural knockout studies and the heterogeneity of the practitioners involved offer a productive site for examining the relationship between disciplinary backgrounds and conceptions of experimental skill. The positions that researchers took on how to conduct knockout experiments not only reflected their experimental training but also revealed different commitments about the nature of gene action and how to study it. I have argued that understanding these ontological and epistemological commitments is key to understanding the role of skill in these experimental communities -what it means to be a skilled practitioner, why agreements on skill do not necessarily resolve disagreements on interpreting natural phenomena, and how skill can be treated as something highly specialised yet also capable of being mechanised are all more comprehensible in light of researchers' foundational knowledge commitments.
In the years following the debates that I have chronicled, there is some evidence that researchers' knowledge commitments have begun to transform as well. Contemporary animal behaviour geneticists argue that they need to be even more sensitive to the complexities of behaviour in their experimental practice than they once assumed, and acknowledge that even molecular biologists have begun to talk about the complexity of behaviour in grant proposals -although some suggested to me this was a tactical move taken because they realised that 'simple knee jerk determinism wasn't going to cut it anymore'. 92 Other animal behaviour geneticists noted that there was no longer talk of finding a single gene for a particular disorder amongst researchers and that current estimations of the number of genes involved in behavioural traits ranged in the hundreds, although once again some suspected their colleagues of secretly hoping that the number of important genes for their behaviour might be closer to a dozen. These commentaries point to the importance of understanding the continually shifting landscape of ontological and epistemological positions when attempting to understand why scientific practitioners make the methodological choices they do.
Finally, examining how different knowledge communities interact around a similar suite of materials and techniques highlights the possibilities for different configurations of experimental practice and knowledge. Recent portraits of scientific practice have tended to argue for a close coupling between experimental practice and theory, between instruments and scientific findings. Hans-Jörg Rheinberger's work on experimental systems, eg., draws a tight relationship between the materials and technical objects available to researchers, the traces these devices leave and the new avenues they suggest, and the knowledge that experimentalists produce. 93 While it is valuable to show the ways in which theories are linked to specific experimental systems, it is also worth keeping open for inquiry a space between practice and knowledge. The convergence of many researchers around very similar designs for behavioural knockout studies and the very different interpretations of what those experiments could produce suggest a degree of flexibility in the way that knowledge and practice are linked. Examining intersecting knowledge communities engaged in debates about experimental skill offers a way of probing the interpretive flexibility of experimental systems. 92 Researcher F, interview, 19 July 2006. 93 Rheinberger, Toward a History of Epistemic Things, op. cit. (note 32).
